A method for the determination of mcroamounts of carbon in metals which do not achieve complete combustion has been developed. This method is based on wet chemical dissolution with a mixture of 280 ml of 5 to 10 M sulfuric acid and 16 g of potassium dichromate, with and without the addition of a small amount of copper(II) sulfate in a stream of oxygen, and on nonaqueous coulometric photometric titration of the evolved carbon dioxide. The reagents used for the wet chemical method were highly purified in order to lower the blank value. Microamounts of carbon in sucrose could be determined with good precision and accuracy. Trace amounts of carbon (0.8-166 ppm) in iron, low-carbon steels, titanium alloy, indium and gallium were determined precisely and accurately. The blank value and determination limit obtained by the proposed method are lower than those previously obtained by wet chemical dissolution and volumetric titrimetry.
Carbon occurs in most metals as a minor constituent. Today, various high-purity metals have been manufactured, and the microdetermination of carbon in these metals is often required. Microamounts of carbon in metal are usually determined by subjecting the metal to direct high-temperature combustion in a stream of oxygen, then measuring the evolved carbon dioxide using various methods.' However, it is impossible to obtain complete combustion for all metallic materials and to be able to confirm whether the inner parts of the materials are completely oxidized or not, even if combustion has taken place throughout the sample.
A wet chemical method can be applied to decompose a metal whose complete combustion is particularly difficult to achieve under conventional conditions. This method is a classic decomposition method2 and is more time-consuming than the oxygen combustion method. The wet combustion method, based on oxidation with a mixture of chromic and sulfuric acids, has recently been adopted for carbon determination in inorganic materials, especially for the determination of free carbon in tetraboron carbide (summarized in Table 1 ). As can be seen in Table 1 , however, the lower limit of carbon determination is generally high; therefore, the wet chemical method has not been widely applied to the determination of the total amount of carbon in metals.
The authors have already introduced a wet chemical oxidation method and have satisfactorily determined Table  1 Summary of carbon determination in inorganic materials by using wet chemical method microamounts of carbon (9 -250 ppm) in various metals.8 However, since large quantities of reagents were used for the wet chemical oxidation method, the blank values obtained were generally high. This decomposition method, therefore, must be modified for determining trace amounts of carbon in metals. In a preceding study8 the carbon dioxide that evolved using the wet chemical method was measured by volumetric titrimetry, even though this method had the following disadvantages: (1) the change in the titer of a standard solution on standing, (2) the volume change and some uncertainty of the end-point location due to addition of a titrant, (3) the troublesome procedure for the preparation and handling of a standard solution. For these reasons, in the present investigation nonaqueous coulometric titration", which requires no standard solution, was introduced in order to measure the carbon dioxide evolved using the wet chemical method. In addition, the reagents used for wet decomposition were highly purified in order to lower the blank value; also, trace amounts of carbon in a few rare metals were determined.
Experimental

Apparatus
The apparatus used is shown in Fig. 1 . The system of tubes, except for two platinized asbestos tubes, was made of borosilicate glass. The tubes containing platinized asbestos (l0% platinum) were made of quartz, and the stopcock of sample inlet was made of Teflon (Fig. 2) . Most tubes were connected with ground-glass joints which were greased with Apiezon H or N. However, greasy strong phosphoric acid was used instead of the Apiezon on the junction parts of the upper end of the condenser and the front side of the trap, G, which contained purified sulfuric acid. Threeneck parts of the decomposition flask or the junction part of the electrolytic cell were not greased.
The oxygen carrier gas was purified by being passed over the first platinized asbestos, A, at 800° C and then over soda talc. A sand bath (ca. 125°C) was used for heating the decomposition flask. A sulfuric acid mist, produced by heating a mixture of chromic and sulfuric acids, was removed with a plug of quartz wool loosely charged inside the condenser and the back side of the trap, G. All evolved gases in the flask were passed through trap G in order to remove sulfur dioxide and moisture, followed by passage over the second heated platinized asbestos, H. Then, carbon monoxide and hydrocarbons were completely oxidized to carbon dioxide and water. The water produced was removed by trap I. All of the carbon dioxide was passed into a cell containing an electrolytic solution by a purified oxygen carrier. Details of the assembly for coulometric photometric titration are shown in Fig. 3 . In this figure, 0 represents a valve which serves to prevent any backflow of the electrolytic solution when the stopcock of the sample inlet is opened. A transistorized DC constantcurrent source (Hirama Rika Kenkyusho, Ltd.) produced stable currents between 0.2 and 5 mA. An ordinary electric stopwatch was used to measure the time interval of electrolysis.
The cathode was a platinum spiral (ca. 0.94 cm2 in area) activated by immersing in dilute nitric acid; the anode was a silver wire (1 mm diameter and ca. 30 mm length) heated with an oxidizing flame of a burner immediately before use. The diaphragm under the anode compartment was a glass tube with its bottom closed by a glass frit (No. 4). The end point of the titration was located photometrically using a thymolphthalein indicator and a process colorimeter (Hirama Rika Kenkyusho, Ltd.). The percent transmission of the solution was measured at a wavelength of 610 nm with a 20-mm light path.
Reagents
Analytical-grade chemicals were used without further purification, except for potassium dichromate and sulfuric acid. Potassium dichromate and sulfuric acid were purified by the following procedure. Purified potassium dichromate: Analytical-grade potassium dichromate was melted on a porcelain dish at about 400° C (slightly higher than the melting point of this reagent (398° C)) for 5 to 6 min. This reagent, freed from carbonaceous materials, was preserved in a glass container and had to be used within 30 d.
Purified sulfuric acid: Analytical-grade sulfuric acid was heated to boiling with 0.5 w/ w% of the purified potassium dichromate for several hours.
The procedures for the preparation of the solutions used are as follows:
Strong phosphoric acid: About 50 ml of phosphoric acid was placed in a 100 ml round-bottomed flask of borosilicate glass, heated at 300° C for about 1 h, cooled to 50° C, and then heated again up to 300° C after the addition of 0.5 g of the purified potassium dichromate. This solution was cooled and stored in a glass container.
Thymolphthalein indicator solution: One hundred mg of thymolphthalein was dissolved in 100 ml of N, Ndimethylformamide (DMF). This indicator solution was stable for several months.
Electrolytic solution: About 3.5 g of potassium iodide was dissolved in 91 ml of DMF. To this potassium iodide solution, 3.5 ml of 2-aminoethanol, 3.5 ml of water and 2 ml of the indicator solution were added. This electrolytic solution was used as a catholyte and an anolyte and had to be freshly prepared daily.
Sucrose standard solution: Commercial crystal sugar was washed with water, ethanol and diethyl ether in order, dried with a vacuum desiccator and an aspirator for 1 h at room temperature, and then gently pulverized in an agate mortar. The powdered sugar was stored in a desiccator containing sodium hydroxide. A requisite quantity of the powdered sugar was weighed out into a volumetric flask, dissolved in water, and diluted up to the mark.
The titer of this solution remained unchanged for at least 3 d.
Procedure
Two electric furnaces for heating platinized asbestos were heated to 800° C, and an oxygen carrier gas was allowed to pass through the train at a flow rate of 200 ml/ min. After the air in the train was exhausted out, the gas flow rate was decreased to 150 ml/ min. About 280 ml of a decomposition solution was placed in the decomposition flask and boiled to remove carbonaceous materials remaining in the solution.
Next, 10 ml of the electrolytic solution was placed in the electrolytic cell; preliminary electrolysis was performed at a constant current of 5.00 mA until the percent transmission of the electrolytic solution became 65%. Oxygen free from carbon dioxide was allowed to pass through the cell for a period of 5 or 10 min, and the acid in the electrolytic solution was titrated coulometrically at a constant current of 0.2 to 2 mA Fig. 3 Assembly for coulometric photometric titration: K, platinum cathode; L, silver anode; N, anode compartment; 0, valve; P, light path; Q: process colorimeter; R, constant current source; S, mA meter; T, timer; U, dummy load. until its percent transmission returned to 65%. This electrolysis was repeated after each 5 or 10 min period until the quantity of electricity consumed (the blank value of each period) became constant.
A weighed sample, according to the carbon content, was then dropped into the decomposition solution through the sample inlet, and all the carbon-containing compounds in the evolved gas were oxidized to carbon dioxide with the heated platinized asbestos. The carbon dioxide was absorbed into the electrolytic solution; then the titration was repeated at the same constant current until the quantity of electricity for each 5-or 10-min period agreed with the blank value which was measured before introducing the sample.
In the analysis of sucrose, on the other hand, the stopcock (Fig. 2 ) was replaced by a silicone rubber stopper, and a definite volume (50 µl) of sucrose standard solution was injected into the decomposition solution with a microsyringe. A blank test for water, which had been used to prepare the sucrose standard solution, was also run immediately after analyzing the standard solution.
Results and Discussion
Composition of decomposition solution Samples must be completely decomposed in a carbon determination. A mixture of chromic and sulfuric acids is commonly used as a decomposition solution in the wet chemical method. In this investigation, about 0.2 M potassium dichromate in 5 to 10 M sulfuric acid was first examined for the decomposition of various samples; however, titanium alloy and indium did not dissolve in the solution. In order to accelerate the decomposition of the sample, copper(II) sulfate2 or silver dichromate12 has frequently been added to the acid mixture. Titanium alloy and indium could be decomposed by adding a small amount of copper(II) sulfate pentahydrate to the acid mixture without leaving a residue. The acceleration of the decomposition by addition of copper(II) ion seems to be caused by the formation of a local cell on the metal surfaces. The optimum compositions of the decomposition solutions which have been used here are shown in Table 2 .
Determination of carbon in sucrose
In order to evaluate the precision and lower limit of the determination of carbon by this method, sucrose was used as a reference material. The obtained results for the sucrose standard solution are shown in Table 3 . The time necessary for a single determination was 10 to 120 min. The time interval of a blank determination was identical to that required for the determination of a sucrose sample. The mean value of the blank determinations at each l0-min period was about 0.5 µg, and reduced to approximately one-half of that obtained by the preceding investigation.8 As evidenced by the results given in Table 3 , carbon in the range 0.03 to 180 µg in sucrose was accurately determined by the proposed method.
The relative standard deviation was below 2.7% for more than 1 µgC and 4% for 0.03 µgC. The determination limit of carbon by this method was 0.03 µg and was lower than that (0.75.tgC) by wet chemical decomposition and volumetric titrimetry.8 Moreover, this method did not require any standard solution, and the end-point detection was very easy.
Determination of carbon in metals
The proposed method was applied to the determination of trace amounts of carbon in several metals. No residue of the dissolution of the metallic samples was observed in the decomposition solution after the completion of analysis, when the decomposition solu- Table 2 Optimum composition of decomposition solution Table 3 Determination of carbon in sucrose a. Standard deviation. IE, electrolytic current (mA).
tion was suitably selected ( Table 2 ). The obtained results for pure iron and three lowcarbon steels are shown in Table 4 . These samples were analyzed as received without any treatment of the sample surfaces. It, therefore, seems most likely that the high standard deviations, such as 4.1 and 7.3 ppm, were caused by carbonaceous contaminants on the metal surfaces. The mean values obtained for these samples, except low-carbon steel C, by this method agreed well with the values obtained by combustioninfrared spectrometric method at another laboratory. The amount of the sample taken was 1.0 to 1.2 g and the time necessary for a single determination was 70 to 115 min.
Next, trace amounts of carbon in titanium alloy, high-purity indium (99.999% purity) and two kinds of high-purity gallium (99.999% purity), which were expected to be difficult to subject to combustion, were determined.
The introduction of gallium metal into the decomposition flask requires utmost care, because the melting point of gallium is quite low (29.78° C). A part of the gallium sample adheres to the inner wall of the flask and does not drop into the solution. Hence, gallium was weighed out into a small capsule (7 mm inside diameter and 16 mm length) made of glass tubing and dropped into the decomposition flask.
The obtained results are presented in Table 5 . These metallic samples were used without washing. Carbon (0.8 -166 ppm) in a few rare metals could be determined with a relative standard deviation of less than 6.8%. Furthermore, these results indicate that coulometric photometric titration is easier to opetate and more precise than the usual volumetric titrimetry. 8 In the present investigation some metallic samples The authors would like to thank Dr. F. S. Howell of Sophia University for correcting this manuscript. Table 4 Determination of carbon in iron and steel Table 5 Determination of carbon in various metals
